Abstract. The efficiency of a tangential flow filtration device to concentrate pico-and nanoplankton particles in sea water uniformly over a range of concentrations was evaluated. To calculate the experimental recovery rates for each concentration factor, we measured the increase in chlorophyll concentration, number of total particles (Coulter counter) and number of autotrophic cells (flow cytometry). The experimental recovery rates for each stage of volume reduction in the concentration process were expressed as percentages of the expected theoretical values. Significant losses of cellular material (low recovery rates) occurred between the retentate seawater tank and the seawater filtrate tank. Similar losses occurred in repetitive closed-circuit recirculation experiments when the circulating volume of sea water was kept constant. The cause of the apparent losses of material appeared to be mechanical fragmentation of organisms during the pumping and filtering stages; however, experiments with latex beads showed that most of the missing beads were retained within the filtration elements. The low efficiencies and extremely varied recovery rates of tangential flow filtrations measured under the experimental conditions and for the different types of particles used in this work preclude its use for quantitative concentrations of natural assemblages of paniculate material in sea water.
Introduction
In spite of the fundamental importance of phytoplankton in marine food chains and global biogeochemical cycles, these organisms are merely trace constituents of sea water (Burkill and Mantoura, 1990) . Consequently, to analyse these components quantitatively at the low in situ concentrations found in the small volumes of seawater samples, we need very sensitive techniques like fluorimetry and flow cytometry (Yentsch et al, 1983) , for example. Less sensitive techniques used to measure, for example, metabolic characteristics or subcellular constituents of phytoplankton, usually require concentration of these inconspicuous cells.
However, most particle-concentration processes have two important limitations: (i) measurements of the concentrates cannot be extrapolated to the natural system because the processes fragment or eliminate some fragile cells, or damage them so much that their physiological activities and behaviour alter; (ii) most filtration techniques are too slow for field work at sea. However, the tangential flow filtration (TFF) technique had promise. It appeared suitable to concentrate suspended particulate material quickly without damaging it. Tangential flow separation is successfully applied in biomedical cellular analyses to separate and concentrate tissue cells to give sufficient material for meaningful analyses. It is also used to recover virus particles from large volumes of distilled or deionized waters or from tap waters (Berman et al., 1980; Dziewulski and Belfort, 1983; Watanabe et al., 1988) . Barthel et al. (1989) and Giovannoni et al. (1990) appear to be the only workers who use the TFF technique for oceanographic biological analyses. Barthel et al. (1989) conclude that TFF could be a powerful tool for laboratory work, but pre-test calibration runs must be carried out to establish the percentage recoveries and losses of material under investigation before the method can be confidently used for quantitative studies. Giovannoni etal. (1990) report that picoplankton cellular morphotypes recovered in their TFF samples matched well those of the original populations.
This work aims to test the suitability (recovery efficiency and selectivity) of TFF for quantitative studies of plankton populations in marine ecosystems and to determine whether the components of the concentrated samples obtained after fast TFF concentrations truly represent the particle assemblages in the natural seawater samples (maximum -25 1).
Method

Equipment
The TFF device used in this study had three principal components: the filtration cells, the pump system and three tanks (feed tank, retentate tank and filtrate tank). The cell manifold was a Filtron minisette™ acrylic cassette in which up to five cassettes can be stacked (cassette filter area = 0.07 m 2 ). However, in this present work, we stacked only two cassettes (0.14 m 2 ) with 0.3 or 0.16 urn pore size (Filtron Omega Series membrane type-a modified polyethersulphone membrane with an Open Channel configuration). The peristaltic pump system was a Masterfiex I/P Easy-load, pump-head Model 7529-20 mounted on a Masterflex I/P motor drive Model 7549-40. The device was tested with three types of particulate material: the natural assemblage of particles in sea water, laboratorycultured cells and synthetic latex beads. Their concentrations were determined by pigment analysis, electronic counting or flow cytometry, as appropriate.
Experimental design
We carried out two basic experiments (E-1 and E-2) to measure the changes in recovery rates with increasing concentration. The experimental design was similar in both cases ( Figure 1A) . In each case, we only varied membrane pore size and the type and size of suspended particulate material to be concentrated. Seawater samples were collected at a coastal station in Malaga Bay (SE Spain). They were size fractionated by gentle reverse filtration through Nytex plankton netting (20 um mesh size) to remove the larger particles. For experiment E-1, we used two 0.3 um pore size membranes and the natural particle assemblage was enriched by adding certain amounts of the five species of cultured cells: Tetraselmis chui, Phaeodactylum tricornutum, Nannochloris atomus, Nannochloropsis gaditana and Synechococcus sp. without phycoerythrin (Table I) . For experiment E-2, however, we used two 0.16 um pore size membranes, but the 251 seawater sample contained only the natural particle assemblage (<20 um). In both experiments, the retentate returned to the seawater sample feed tank and was again pumped through the filtration cell. The low pressures of the feed, retentate and filtrate sections of the circuit were adjusted so that the seawater filtrate flowed slowly and steadily to the filtrate tank. The remaining sea water, with increased particle concentration, was returned to the feed reservoir. Sea water was progressively extracted until the pre-determined volume of retentate was reached. The concentration factors at each interval were calculated from the ratios of the volume of the initial feed to that of the retentate at the several sampling intervals over 18 min of filtration (E-l) and over 36 min of filtration (E-2). The pressures of feed and retentate during each experiment were about 15 and 11 PSI, respectively. Flow of the water samples through the cassette system was regulated so that separation was carried out at a retentate to filtrate flow ratio V.Rodriguez el al.
of 1:3.6 (E-l) and 1:5.0 (E-2). The working speed of the pump drive was 325 r.p.m.; this was about half the maximum flow rate.
At the start of each experiment and at each sampling time, subsamples were taken from the retentate flow to determine chlorophyll, total paniculate material and living autotrophic cells.
To analyse chlorophyll a, 50 ml samples (two replicates) were filtered through Whatman (GF/F) glass fibre filters. After extraction overnight in 90% acetone at 5°C in the dark (Strickland and Parsons, 1972) , chlorophyll a fluorescence was measured in a Turner Design fluorimeter. Total particulate material was counted with a Coulter Counter Multi-sizer; the tube had a 30 um diameter orifice. The instrument was calibrated and the current and gain adjusted to minimize signal noise. With the 30 um orifice, we could measure a range of particles from 0.9 tõ 15 um. Fresh, unpreserved, autotrophic particles were analysed by flow cytometry with a FACScan Becton-Dickinson flow cytometer adjusted to measure both natural and cultured cells. Natural cells were classified by size and by their different fluorescence wavelengths (Li, 1989 (Li, ,1990 ). We differentiated not only the 'smaller' from the 'larger' cells, but also cells with phycoerythrin fluorescence from those with chlorophyll a fluorescence. Small cells which showed clear phycoerythrin fluorescence were characterized as 'cyanobacteria'. Small cells without phycoerythrin, but which showed chlorophyll a fluorescence, were characterized as 'eukaryotic picoplankton'. Medium-sized cells with chlorophyll a fluorescence were characterized as 'eukaryotic nanoplankton'. Some mediumsized cells that contained both chlorophyll and phycoerythrin were characterized as 'cryptomonads'. In the experimental flow cytometry diagrams, the cultured cells, except for Nannochloris atomus and Nannochloropsis gaditana, were discriminated from the populations of natural cells by their previously established size and fluorescence characteristics. We sized them accurately by measuring their equivalent spherical diameters (ESD) and their volumes by a semiautomatic image analyser (Table I) .
Results and discussion
The values of chlorophyll, particulate material and living autotrophic cells increased with increased concentration, but the experimentally derived slopes of the linear regression models were always much smaller than those of a 100% efficient concentration process.
In this way, for every concentration factor (F) and the measurement of its corresponding variable, we calculated a recovery rate (R) which, assuming 100% concentration efficiency, we define as the measured value expressed as a percentage of the theoretical value. Recovery rates declined progressively with increasing concentration (Figures 2 and 3) , this was particularly noticeable in experiment E-2 when the smallest pore size membrane (0.16 um) and populations of natural cells were used. Recovery rates decreased sharply for concentration factors <5, when, generally, the abundance of harvested material per unit volume in E-l was approximately half that expected, and in E-2 it was less than 40%. Above concentration factor 5, recovery rates decreased progressively (Figures 2 and 3) . A negative power model of the type R = a (F)~b gave the best fit to the data. Recovery rates of the several types of participate material also varied under the same experimental conditions and the size distributions of phytoplankton abundance were different from those of the starting samples. The medium-or largesized live cells (Tetraselmis, Phaeodactylum, nanoplankton) showed better recovery rates than the smaller cells (Synechococcus and natural cyanobacteria) . The values of the exponent b (the slope of the log-log linear relationship) ranged from -0.13 for Tetraselmis (E-1) to -0.68 for cryptomonads (E-2) and, consequently, the TFF process appeared to distort unacceptably the size distributions of the organisms from those of the starting material. These losses of sample material during the concentrations of this particular device and under these experimental conditions are similar to those reported by several authors who used the larger Millipore Pellicon tangential flow devices. Barthel et al. (1989) report recovery rates of pico-and nanoplankton from 15 to 60% for a concentration factor of 30 when they use a rated pore size of 0.45 um. Giovannoni et al. (1990) report efficiencies of picoplankton recovery >37% with a 0.1 um pore size filter, but (unlike our observations with the selective process) they report that the same morphotypes in the cell concentrates are present in similar proportions as those in natural sea water. Other authors who use molecular filtration for recovery of viruses report marked increases in efficiency (recoveries up to 95%) when membranes are pre-treated with organic solutions, e.g. beef extract (Berman et al., 1980; Watanabe et al., 1988) .
What happened to the non-recovered particles? The two, not mutually exclusive, possibilities are: (i) losses to the filtrate that appear to be associated with particle size, shape or texture; (ii) retention within the filter element of the filtration component.
Subsamples collected from the filtrate flow were almost always free of autotrophic cells. Chlorophyll measurements when Whatman GFF glass fibre niters were used were almost nil and the abundances of particulate material measured by the Coulter counter were almost like blank samples. Consequently, the amount of particles in the filtrate flow did not compensate for the observed loss of efficiency. This was not surprising because we had previously used the same experimental protocol to make high-quality, particle-free sea water to use in dilution experiments in studies designed to determine microplankton grazing activities (Bautista et al, 1993; Jimenez-G6mez et al, 1993) . To confirm this failure to compensate, we designed a third experiment (E-3) in which both the retentate and filtrate were returned to the seawater feed tank to maintain a constant volume ( Figure IB) . Our hypothesis was that repeated passes through the filtration unit should progressively decrease the recovery rate. For this experiment, we used filtered seawater enriched with an inoculate of T.chui, Table I ).
P.tricornutum, Nannochloris atomus and Synechococcus. Subsamples were taken from the seawater tank at -5 min intervals during a 40 min period to determine the totals of particulate material and autotrophic cells. The results showed that the number of total particles decreased progressively as the sea water recirculated around the closed-circuit system, that is to say, with the number of pumped cycles. Because in this case the filtrate line returned the filtrate into the feed tank, we found that a negative exponential model provided the best fit (Figure 4 ). This is expressed as:
where t is the recirculation time (min) and R is the recovery rate (%). The slope of the curve (b) is the estimated, instantaneous loss rate which reveals that the same proportion of the material was lost per unit of time. The values of b ranged from 0.016 for the largest cell (Tetraselmis) to 0.088 for the smallest cell (Synechococcus). Total particulate material and total autotrophic cells showed similar rates all close to the mean value (0.057). However, if the cells were destroyed by repeated passes through the TFF, with the methods employed, we would expect the very small size fractions (chloroplast, thylakoids) to be undetectable or not harvested. Because the GF/F filters previously used would have missed most of these small-sized fractions, for a fourth experiment (E-4) we used polycarbonate Nuclepore 0.2 um filters to collect the samples for pigment analysis. Figure 5 shows the starting sample size-abundance distribution of the Amphidinium spp. culture and the final size-abundance distribution after 30 min of repeated circulation. There was a marked decrease in the numbers of cells along the size range. Chlorophyll concentration showed the same behaviour as number of cells. Chlorophyll concentrations decreased from 1.82 ± 0.14 ug h 1 at the start of the experiment to a final value of 0.17 ± 0.01 ug I" 1 . These decreases indicated that an important fraction of the cell population was lost by fragmentation of cells to increase the <0.2 um size fraction.
As we repeatedly and consistently recovered smaller quantities of particles or chlorophyll than expected, cells might have been simply retained in the filtration unit. Our hypothesis that cells had somehow been retained in the dead space of the apparatus or were adhered to, or adsorbed onto, the membrane matrix was confirmed when we analysed the debris in the filter element dead space in experiment E-4 ( Figure IB ) which employed Amphidinium, in which we found a high abundance of both cells and debris. However, to compare the concentrations in the tank and in the dead space would be invalid because the rinsing procedure also introduces bias. This result supports our hypothesis that some cells or fragments of cells might have adhered to, or were adsorbed onto, the membrane matrix after they been fragmented during the filtration process.
In the light of this observation, it is interesting to note that we found the larger eukaryotes to be more robust than Synechococcus, which has a bacterial type cell wall. The losses of Synechococcus were probably due to retention of cells within the filter matrix and not to mechanical breakage.
The fifth experiment (E-5; Figure IB ) was designed to eliminate the effects of cell fragmentation in order to identify the particle sink effect of the filtration unit better. Instead of living cells, we used two sizes of latex beads: 5.06 and 13.3 urn (ESD). The beads were counted and measured by a Coulter counter; the counting tube had a 70 um orifice.
The results revealed a similar decrease in the recovery rate to that of the experiment with the living and fragile Amphidinium cells ( Figure 6 ). As in the previous experiments, the slope of the decrease of recovery rate reflected closely the size of the particles. The small beads (5 um) disappeared from the circulating filtrate at a higher rate (0.070 min" 1 ) than the larger ones (13 um, 0.030 min" 1 ). When we flushed the dead space with air after the recirculation period, we found that the water expelled contained a high concentration of beads (-62% of the starting concentration of the suspensions of 13 um beads and 82% of the starting concentration of the suspensions of 5 um beads) in the filtrate of the first pass. This suggested that the beads remained within the membrane matrix and possibly were adsorbed onto the filter matrix. Repeated rinses of the dead space liberated beads, at successively lower concentrations.
In brief, we found that recoveries, retentions of particles and the selectivities of the TFF device could be, or were, directly or indirectly associated with many variables; most were inherent characteristics of the device and its components (total cartridge filter area, the intrinsic nature of the pump, and its drive head) and several experimental conditions [pump speed, pump pressure, molecular and (particle) size and shape, concentration, and particle polarity that might induce electrostatic attraction in the seawater electrolyte, etc.]. We found that, under the experimental conditions, and with the materials and experimental design of this present study, TFF could not concentrate quantitatively the natural assemblages of particles in the starting samples of sea water. Even at low or moderate concentrations (less than factor 10), there were low average recoveries (-50%). Recoveries might be improved by pumping air through the unit to force the total volume of retentate from the cassette matrix and the associated tubing. Because the recovery efficiencies for the different types or sizes of particles in our samples differed, it was most difficult to calculate a universal correction factor. Recovery efficiencies also differed for the same type of living cells in samples with different abundances, even under similar operating conditions (pressures) of tangential filtration. There are numerous situations for which TFF is appropriate, and even the particular device tested in this work could serve well for many applications. However, the results of these experiments reveal the need for caution when using TFF for quantitative studies.
